The effect of hydrogen on the conductivity of ZnO nanoparticles has implications for nanoscale optoelectronic devices. In this study, infrared reflectance spectra of as-grown and hydrogen-annealed ZnO nanoparticles were measured at near-normal incidence. The as-grown particles were electrically semi-insulating and show reflectance spectra characteristic of insulating ionic crystals. Samples annealed in hydrogen showed a significant increase in electrical conductivity and free-carrier absorption. A difference was observed in the reststrahlen line shape of the conductive sample compared to that of the as-grown sample. The effective medium approximation was applied to model the reflectance and absorption spectra. The agreement between experimental results and the model suggests that the nanoparticles have inhomogeneous carrier concentrations. Exposure to oxygen for several hours led to a significant decrease in carrier concentration, possibly due to the adsorption of negative oxygen molecules on the nanoparticle surfaces.
I. INTRODUCTION
Control over the electrical and optical properties of nanoparticles is a key requirement for practical applications of these materials for optoelectronic devices. As the particles approach nanometer dimensions, they possess two important properties: ͑1͒ the quantum confinement effect and ͑2͒ a large ratio of surface area to volume relative to bulk materials. The latter property is relevant to hydrogen storage and catalysis. Due to their small size, doping levels in semiconductor nanoparticles can be characterized by a discrete number of free carriers, 1 and in some cases, the particles contain no free carriers. 2 Infrared ͑IR͒ reflectance spectroscopy is a useful method to determine free carrier concentrations in semiconductors. 3, 4 In this work, we studied the free carrier concentration in ZnO nanoparticles before and after annealing in hydrogen, using IR spectroscopy. Electrical measurements and Raman spectroscopy complemented the IR experiments.
Zinc oxide ͑ZnO͒ 5, 6 is a wide band gap semiconductor that is desirable for many applications. Several IR reflectance spectroscopy studies on ZnO have been performed previously. Collins and Kleinman 7 measured the reflectivity of bulk samples in the spectral range between 1 and 45 m. For samples with free carrier concentrations below 10 16 cm −3 , the intrinsic reflectance spectrum of an ionic crystal 8 was observed. The contribution from free carriers becomes significant when the carrier concentration is larger than ϳ10 17 cm −3 . The anisotropy of optical parameters of bulk wurtzite ZnO crystals has also been reported. 9 ,10 Nan et al. 11 measured the IR reflectance spectra of ZnO nanoparticles, which provided evidence of low free carrier density.
Hydrogen plays an important role in controlling the electrical conductivity of bulk ZnO. 12 At the nanometer scale, Heo et al. 13 demonstrated that postgrowth annealing in hydrogen can dramatically increase the conductivity of single ZnO nanorods. In the present work, evidence for hydrogen donors in ZnO nanoparticles is presented.
II. EXPERIMENT
The synthesis of ZnO nanoparticles used in this work is similar to that used in previous experiments. 14, 15 The nanoparticles were produced by the reaction of zinc acetate dihydrate ͓Zn͑CH 3 COO͒ 2 ·2H 2 O͔ with sodium hydrogen carbonate ͑NaHCO 3 ͒ at 200°C for 3 h. X-ray diffraction and transmission electron microscopy results showed that the particles are 15-20 nm diameter with the hexagonal wurtzite structure.
14 The particles were pressed into 7 mm diameter pellets with a thickness of 0.25 mm. Some of the pellets were sealed in a quartz ampoule filled with 2/3 atm hydrogen and annealed at 350°C for 1 h.
Reflectance spectra were taken with a near normal reflectance geometry, using a BOMEM DA8 Fourier transform infrared spectrometer. The spectra between 200 and 500 cm −1 were obtained with a Mylar beam splitter and deuterated triglycine sulfate ͑DTGS͒ detector. A KBr beamsplitter and MgCdTe detector were used for wave numbers above 500 cm −1 . A gold mirror was used as a reference. Complementary results were obtained by electrical conductivity measurements. A standard four-probe conductivity measurement in the van der Pauw geometry was used. Electrical contacts were made by conductive silver paint on the periphery of the samples. Resonance Raman spectra of asa͒ Author to whom correspondence should be addressed; electronic mail: mattmcc@wsu.edu grown and hydrogen annealed samples were taken by a continuous wave-Kimmon laser with a wavelength of 325 nm and a JY-Horiba micro-Raman/photoluminescence system. For the IR absorption spectra, hydrogen annealed nanoparticles were dispersed in a KBr matrix ͑1 and 2% wt.͒. A pure KBr pellet was used as a reference to minimize the surface scattering effects. To test the effect of ambient gas on the reflectivity of a hydrogen-annealed sample, we used a vacuum tight chamber. The sample was placed in the chamber and the desired gas was supplied ͑1 atm͒ after the chamber was evacuated. After a 24 h exposure for each gas, the sample was removed from the chamber and reflectance spectra were recorded.
Secondary ion mass spectrometry ͑SIMS͒ was performed on a sample annealed in deuterium at 350°C for 1 h. The SIMS measurement used a 14.5 keV Cs + ion beam and an implanted silicon sample for deuterium calibration. The sample showed a deuterium concentration of 3 ϫ 10 20 cm −3 . The deuterium profile was constant down to the maximum depth of the SIMS measurement ͑8 m͒. Although SIMS cannot determine how much hydrogen diffuses into the nanoparticles, our discussion in the next section suggests a doping level in the 10 19 cm −3 range.
III. RESULTS AND DISCUSSION

A. IR reflectance
IR reflectance spectra are shown in Fig. 1 for an asgrown sample and a sample annealed in hydrogen. The reflectivity of the as-grown sample shows a sharp decrease in reflectivity ͑R min Ϸ 0͒ near the longitudinal optical phonon frequency LO . This feature is a typical reststrahlen band reflection of semi-insulating ZnO. 7 The hydrogen annealed sample exhibits a change in the reststrahlen line shape and the disappearance of R min was observed. The reflectance change is consistent with an increase in the free carrier concentration. It should be noted that the nanoparticle pellets have a lower overall reflectivity compared to that of bulk ZnO, due to open voids in the sample. 11 We repeated measurements with many different samples to ensure consistency and reproducibility. The electrical measurements show that the as-grown pellets are semi-insulating ͑ ϳ 10 7 ⍀ cm͒. Hydrogen annealing reduces the resistivity by several orders of magnitude ͑ ϳ 1 ⍀ cm͒. This result gives support to the hypothesis that hydrogen annealing leads to an increase in free carrier concentration. Annealing in air or argon gas does not result in any changes in the reflectivity or conductivity of the samples.
B. Modeling
To model the reflectance spectra, the dielectric function of ZnO was calculated by a classical Lorentz-Drude model
The constants ϱ , LO , TO , and ⌫ are the high frequency dielectric constant, longitudinal optical ͑LO͒ phonon frequency, transverse optical ͑TO͒ phonon frequency, and damping coefficient, respectively. The parameter p is the so-called plasma frequency, which depends on the free carrier concentration n,
where e and m are the charge and mass of a free electron, respectively, 0 is the permittivity of free space, and ␥ is an electronic damping coefficient. For a normal incidence geometry, the reflectivity is given by
The previous expressions are applicable for bulk surfaces, but do not produce satisfactory results for nanoparticle pellets. In nanoparticles, the existence of one free electron in a 20 nm diameter particle yields a free carrier concentration of n ϳ 2 ϫ 10 17 cm −3 . Since the as-grown sample is semiinsulating, we assumed that some fraction of the particles have no free carriers ͑n =0͒, and the remaining particles have one electron each ͑n ϳ 2 ϫ 10 17 cm −3 ͒. For the hydrogen annealed sample, an additional constituent of heavily doped particles ͑n ϳ 10 19 cm −3 ͒ was included. This assumption is to simplify the model; in fact, the inhomogeneity of dopants among the nanoparticles is described by a binomial distribution. 17 The dielectric functions for each constituent were calculated using Eq. ͑1͒, and the open voids taken as =1.
For an inhomogeneous medium, the effective dielectric function eff is given by the Bruggeman model where R and R 0 are reflectivity of the sample with and without surface roughness, respectively. The root-mean-square value of the roughness ␦ was chosen as an adjustable parameter; ␦ = 47 nm was used in all the fits.
The simulated spectra and parameters used in the fits are presented in Fig. 1 and Table I , respectively. Small discrepancies between the model and experiment are due, in part to, the anisotropy of phonon frequencies and our simplified model of inhomogeneity. Nevertheless, the model is in good agreement with measured reflectance spectra, and it suggests that the nanoparticles have an inhomogeneous free carrier concentration.
Due to their large surface-to-volume ratio, nanoparticles are susceptible to contamination from the ambient. Figure 2 shows reflectance spectra of a hydrogen-annealed sample, measured after the sample was exposed to air. The fits to the IR spectra indicate that the drop in reflectivity is due to a reduction in the fraction of heavily doped particles ͑Table I͒.
It is possible that oxygen in ambient air could capture the free carriers in the nanoparticles. 20 Nanoparticles have large surface to volume ratios and oxygen molecules can be adsorbed on the surfaces as negatively charged molecules. The adsorbed oxygen molecules transform the n-type nanoparticles to a semiconducting phase. To test this hypothesis, we investigated the stability of the IR reflectivity under different ambients. As shown in Fig. 3 , exposure to oxygen gas results the largest drop in the reflectivity. Small changes in the other spectra may due to adsorption of oxygen from the air as the sample was transferred between the gas chamber and the spectrometer.
Raman spectra of as-grown and hydrogen-annealed ZnO nanoparticles are shown in Fig. 4 . Unlike bulk ZnO, LO phonon-plasmon coupling 21 ͑LOPC͒ does not broaden the LO phonon Raman line shape of the doped sample. This may due to the fact that a significant fraction of the nanoparticles are not heavily doped. In addition, it is conceivable that the LOPC strength is lower in nanoparticles than in bulk crystals. We also measured the IR transmittance of a hydrogenannealed sample to detect hydrogen local vibrational modes. Unfortunately, the sample was opaque to IR radiation in the spectral range of interest. 22 Similar difficulties were also encountered in hydrogen plasma treated ZnO thin films. 23 To address that problem, we mixed small quantities of ZnO in a KBr pellet, as discussed in the next section.
C. IR absorption of hydrogen annealed ZnO nanoparticles
IR absorption spectra ͑Fig. 5͒ of hydrogen annealed nanoparticles in a KBr matrix show characteristic free carrier absorption, as absorption increases with wavelength. To model the absorption spectrum, the modified MaxwellGarnett model 24 was chosen, which is appropriate for dilute quantities of ZnO in a KBr host. The effective dielectric function is given by
͑6͒
where p j = 3ͩ j − KBr j + 2 KBr ͪ.
͑7͒
The procedure described previously was used to calculate the dielectric function of ZnO nanoparticles ͑ j ͒. The dielectric constant for KBr was taken as KBr = 2.34. The absorption coefficient ␣ was determined by
where eff is the imaginary part of the effective refractive index. The calculated absorption spectra show good agreement with the measured spectra ͑Fig. 5͒. The estimated plasma frequencies for the reflectance and absorption spectra are also in good agreement ͑Table I͒. Although hydrogen clearly affects the conductivity of ZnO nanoparticles, we were unable to detect hydrogen related local vibrational modes. The reason for this null result may be that the IR absorption peaks are broad such that the signal is below the noise. Alternatively, hydrogen may modify the nanoparticle and then desorb, resulting in an n-type defect such as an oxygen vacancy.
IV. CONCLUSION
In conclusion, we demonstrated the effect of hydrogen annealing on ZnO nanoparticles. IR reflectance and absorption spectra indicate that hydrogen significantly increases the free carrier concentration. The spectra were modeled using the effective medium approximation, given an inhomogeneous free carrier concentration. The large surface area of nanoparticles provides adsorption sites for oxygen molecules that can capture electrons and reduce the free electron concentration. Although the IR spectra show significant differences between as-grown and annealed samples, Raman results do not show a statistically significant difference. These results indicate that IR spectroscopy may provide a superior method for determining the doping level in ZnO nanoparticles. 
